BYOE: Self-Contained Power Supply Experiments with an Instrumented Transformer Presenter Information:
The author welcomes the opportunity to collaborate on the development of courseware and experiments related to power supply design as well as general Electrical and Computer Engineering laboratory work. Design files and printed circuit fabrication for these experimental setups are available as well. 
Background
Transformer based power supply laboratories have been a staple of electrical engineering laboratory exercises for decades, and many have remained unchanged since the 1970's. Such experiments are typically found in curricula at both 4-year universities and 2-year colleges and are sometimes performed as part of an experimental sequence in physics courses as well. In many cases, they are part of a first or second course in electrical and computer engineering and all too frequently are presented in a somewhat superficial manner. Furthermore, the transformer is often assembled in an ad hoc fashion, and students are advised to be aware of safety concerns as lethal voltages may be involved.
In this BYOE we present an instrumented transformer system designed at the University of Virginia that is completely protected from a student safety standpoint and is applicable for student experiments ranging in level from advanced secondary education to 2-year institutions as well as upper-level undergraduates in 4 year electrical and computer engineering undergraduate programs. A unique feature of this system is the integration of a lossless closed loop Hall effect current sensor that allows students to visualize the transformer currents as well as voltages.
Pedagogical Context
Beginning in the Fall of 2014 we have instituted a major curriculum update at the University of Virginia. Our primary three-course sequence of "Circuits," "Electronics," and "Signals and Systems" was replaced by a new series, "Fundamentals 1,2, and 3". In this sequence, we have taken a breadth-first approach, and cover topics from each of the earlier courses in all three of the new series, with a progressively deepening level of understanding achieved at each phase. 1,2 Our experiences with prior course development in "Introduction to Embedded Systems" has guided us in creating coursework with a strong experimental component, and introducing topics with a goal of linking concepts from across the discipline, i.e. an experiment in timing and analog to digital conversion is connected with sampling and filtering. 3 In "Fundamentals 3" we introduce transformer-rectifier power supplies. At this point in our program, students have had considerable experience working with Linear Time Invariant (LTI) systems and have also had extensive work with Fourier techniques. This experiment is the first example of working with systems that are both non-linear and discontinuous in nature. It also serves as a very realistic introduction to the concept of approximations and the tolerances of realworld devices; both are general engineering principles. In keeping with our goal of linking concepts across the discipline, we also explore the non-sinusoidal currents in the transformer and use this as a mechanism for exploring harmonics on the A.C. line. This provides a realistic example of the importance of frequency domain analysis in a context in which such concepts are seldom seen.
A survey of existing course and laboratory experiments for conducting power supply experiments indicates that many are constructed either in a DIY fashion or with little concern, other than a warning, for A.C. line voltage hazards and do not address the issues of transformer currents. 4, 5 We desired our experimental setup to have the following attributes:
 Operate from standard line voltages in a safe, self-contained enclosure  Have a standard power inlet with switching and fuses  "Power-on" indication  Lossless current measurement ability with internal signal conditioning These characteristics enable laboratory experiments that are both safe and extremely flexible.
Instrumented Transformer Design
An assembled instrumented transformer is shown in Figure 1 . We selected a case with a transparent cover so that the students could clearly see the transformer and associated circuitry but be protected from lethal voltages.
Figure 1 Instrumented Transformer Overview
The students can read the transformer part number, and part of an assignment is to look up the specifications for it and include the relevant parameters in the modeling and simulation of the experiments.
The transformer outputs are shown in Figure 2 . The transformer is configured in a center-tapped mode, and each side is brought out as well as the center tap. Additionally, there is a power indicator. The power entry module is shown in Figure 3 . This module provides a standard IEC cord plug, commonly used with computers, a fuse block, and an on-off switch. The complete transformer enclosure protects the students from shock possibilities and provides protection via the fusing. With the detachable power cord, it is also conveniently stored. The connections are such that the power supply current is not measured. The current transducer is a closed-loop Hall Effect device from LEM. 6 This relatively inexpensive device is capable of 0.1% accuracy at full range and has a 0.5dB bandwidth of 100KHZ. It can be configured for a full range of +/-6A, +/-3A, or +/-2A depending on the wiring of the power conductors, and is connected to measure the current in the transformer center-tap. The output voltage is relative to an internal reference voltage that is supplied by the transducer. The output signal is offset and isolated by the INA128 instrumentation amplifier. 7 Note the reference output of the LEM transducer is fed to the noninverting input of the instrumentation amplifier, which eliminates thermal drift and offsets as a source of error. We also make mounting pads available for a gain setting resistor, R1, although in our current configuration we only run the amplifier at unity gain. This yields a total gain of 312mV per ampere at the output of the INA128. R2, 49.9 is used to isolate the amplifier from any cable capacitance and gives a measure of short circuit protection.
The manufacturing costs are very low, especially considering the utility of the device. The cost of parts is approximately $100 in low quantities, i.e. 20 units. Additionally, due to time constraints, we contracted with a local assembly company to machine the case and mount the components at the cost of approximately $100 per unit. The machine work required is very simple, employing little more than a drill press and saw. We have available complete plans, bill of materials, and manufacturing files for the printed circuits.
Equipment and Laboratory Setup
At the University of Virginia, we currently use this device for a sequence of 3 experiments related to transformer-rectifier power supplies. Taken by themselves, each of these experiments is relatively straightforward and well-known. The first is a simple full wave supply with no regulation, the second with a simple Zener diode regulator, and the final with a 3 terminal fixed regulator, 78L05. The laboratory bench setups are extremely straightforward and compact as seen in Figure 8 . For instrumentation, we use the VirtualBench™ from National Instruments, although any digital oscilloscope with 2 or more channels and FFT ability on a math channel will work fine.
9

Figure 8 Compact Lab Bench Setup
The addition of the current sensor, however, adds a new dimension to the topics that may be explored within the context of these simple laboratory experiments. A key point that students find to be counterintuitive is the relation between peak transformer/diode currents, ripple voltage, and load current.
Figure 9 Diode currents with no filter capacitor
For example, we introduce the use of the instrumentation with a half-wave setup that does not have the filter capacitor installed, Figure 9 , and the students note the current waveform (yellow) precisely tracks the voltage waveform (orange) as expected. However, when a filter capacitor is added, i.e., as in Figure 5 , the current waveform loses its sinusoidal characteristic and becomes triangular in shape as in Figure 10 . 
Applications and Concepts
We employ these observations to motivate several interesting and little-covered topics in power supply design. For example, the students are surprised to see that the peak diode currents may easily be 10 or more times greater than the average current delivered to the load. We examine data sheets to see that rectifier diodes do indeed have a peak repetitive rating that is substantially higher than the average current rating, and look at some of the internal characteristics that make this possible, providing a link to solid state device courses elsewhere in the curriculum. Also, we look at the peak currents for different values of filter capacitance and examine the inverse relationship between ripple voltage and peak current. Furthermore, the ability to view the relationships between current and voltage enable us to provide insight into transformer nonidealities such as leakage inductance and winding resistance. Discussions of this nature illuminate fundamental principles of engineering tradeoffs; in this case, we can make ripple voltage arbitrarily small at the expense of peak currents and that sound engineering designs will seek an optimum tradeoff in these factors.
Furthermore, we can do spectral analysis of the current waveforms to investigate harmonics on the A.C. line, seen in Figure 11 . Students study the interrelated effects of ripple voltage, filter capacitance value, and amplitudes of the harmonics. This leads to a discussion of why line harmonics introduce voltage distortion and losses in the power grid. It also leads to reassurances that Fourier analysis is useful in a wide range of scenarios in electrical engineering! Figure 11 Transformer current harmonics
Classwork and Exercises
This laboratory experimental sequence also allows in-class and homework activities that were previously not well motivated or perceived as only a math exercise. For example, the VirtualBench provides students with data files of the instrument's measurements. We can ask students to calculate the effective power factor using fundamental principals of voltage, current, and time from non-sinusoidal waveforms. By using triangular approximations for the current waveforms, we can do theoretical versus observed calculations and ask students to explain the differences.
Furthermore, we can also extend homework problems to link power supplies to frequency domain concepts. A typical homework problem is shown in Figure 12 . In the lab we have students look at current waveforms with large values of filter capacitance, such that the observed waveforms approach a train of impulses in shape. We use this to motivate a homework problem in which students gradually decrease the width of triangular pulses and see that indeed a train of impulses in the time domain translates to a train of impulses in the frequency domain. While these concepts are usually covered in a traditional "Signals and Systems" course, there is usually very little attachment to real-world problems in engineering that may be observed in a very tangible way in simple laboratory experiments. 
Applications to other coursework
While we have presented examples of how the instrumented transformer would be used in the context of a power supply laboratory we envision other application scenarios throughout the curriculum. For example, it might become a component used in power supplies for robotics and mechatronics classes. In such cases, this current transducer circuitry would not be necessary and could be omitted to lower costs.
Another intriguing possibility is to employ it in lower level introductory classes. Typically students in these courses are introduced to concepts such as phasors, impedance, and leading or lagging currents. These concepts usually remain an abstraction to students, and at best can only be observed indirectly in the laboratory. Using the instrumented transformer in conjunction with linear elements would enable students to see, and viscerally experience, notions of current phase relative to device voltage.
Summary and Conclusions
We have introduced a simple relatively low-cost instrumented transformer suitable for use at a variety of educational levels. This device not only considers compactness and simple bench setup arrangements but also addresses safety concerns while allowing students to work with a device that is directly connected to A.C. line voltages. We have now employed this device for several semesters, and it has proved to be very reliable. Students have expressed satisfaction with the experiments and concepts explored with it. A frequent comment is "I never realized this before"! Furthermore, the addition of current measurement instrumentation permits the exploration of concepts not frequently seen in the undergraduate laboratory environment. Non-linear currents and pulsed waveshapes can now be explored both in the time and frequency domains. This not only broadens the range of experiments suitable for undergraduates in electrical engineering and physics but also creates real-world examples that are appropriate for lecture topics and homework exercises; additionally, it creates concept-links across various areas of the curriculum not often considered in concert with each other.
All too frequently we explain concepts of current and voltage to students, but then only equip them with instrumentation, i.e. oscilloscopes and voltmeters to observe voltages; the direct observation of the relationships between current and voltage remains elusive. We ask students to accept them on the basis of mathematical proofs with very little in the way of direct observation to substantiate those concepts in their understanding. We believe that experimental equipment that renders a broad range of device and circuit parameters visible to the students in an experiential fashion are vital to the education of the next generation of engineers.
